Objective-The ATP-binding cassette transporter-A1 (ABCA1) regulates cholesterol efflux from cells and is involved in high-density lipoprotein metabolism and atherogenesis. The objective of this study was to investigate the effect of dexamethasone (Dex) and other glucocorticoid receptor (GR) ligands on apolipoprotein AI-mediated cholesterol efflux from macrophages and ABCA1 expression in them. Methods and Results-Dex, a GR agonist, decreased ABCA1 mRNA levels in a dose-and time-dependent fashion, and RU486, a GR antagonist, reversed the inhibitory effect of Dex. The effects of Dex and RU486 on ABCA1 protein levels and apolipoprotein AI-mediated cholesterol efflux from the macrophages were consistent with these changes in mRNA levels. Transfected RAW264.7, together with a human ABCA1 promoter-luciferase construct, inhibited transcriptional activity by Dex and overexpression of human GR. Transrepression by GR was not mediated by liver X receptor (LXR), because there were no differences in the effects of the GR ligands on promoter activity between a reporter construct with mutations at the LXR binding site and one without the mutations, and no changes were brought about in ABCG1 and ABCG4 expression by GR ligands. Conclusions-Our results showed that GR ligands affected ABCA1 expression and cholesterol efflux from macrophages, which are regulated by GR through a LXR-independent mechanism. (Arterioscler Thromb Vasc Biol. 2006;26:163-168.)
M ultiple lines of evidence suggest that long-term use of glucocorticoids is associated with increased risk of developing atherosclerotic disease. 1 It has been reported that glucocorticoid treatment can cause cardiovascular complications in patients with rheumatoid arthritis 2 and systemic lupus erythematosus 3 receiving such treatment and that patients with Cushing's syndrome had a higher incidence of cardiovascular disease (CVD). 4 In this regard, it has been noted that glucocorticoid treatment causes hypertension, as well as impaired glucose and lipid metabolism, 1 which are classical risk factors for CVD. Other than this, glucocorticoids have been observed to directly affect the vascular wall with respect to cholesterol metabolism in the cells involved in atherogenesis.
Macrophage-derived foam cells containing accumulations of cholesteryl ester (CE) as lipid droplets are characteristically present in atherosclerotic plaque. In this connection, several investigators have reported that dexamethasone (Dex) induced CE accumulation in macrophages by enhancing scavenger receptor and acyl coenzyme A:cholesterol O-acyl-transferase activity and reducing cholesterol esterase activity. 5, 6 Cholesterol efflux is a pivotal event in maintaining intracellular cholesterol levels and preventing the formation of macrophage-derived foam cells. Furthermore, the ATPbinding cassette transporter A1 (ABCA1) has been identified as a defective gene in Tangier disease, [7] [8] [9] which is characterized by an extremely low level of circulating high-density lipoprotein (HDL), and accumulation of CE in various tissues, which is concentrated in macrophage-derived foam cells. In addition, ABCA1 has been shown recently to play an important role in apolipoprotein AI (apoAI)-mediated cholesterol efflux from peripheral cells 10 and macrophages. Thus, given the key role of ABCA1 in facilitating cholesterol efflux, it would be of interest to determine how the ABCA1 gene itself is regulated. The expression of ABCA1 is greatly regulated by cAMP and sterols. [11] [12] [13] Oxysterols and 9-cis-retinoic acid (9cRA) bind liver X receptor (LXR) and retinoid X receptor (RXR), respectively, to form heterodimers, which bind to conserved consensus cis-element, direct repeat 4 (DR4), in the ABCA1 promoter region, resulting in the activation of transcription. 14, 15 LXR, RXR, and the glucocorticoid receptor (GR) are all nuclear receptors that have been shown to play important physiological roles in macrophages. 16 Recent studies have demonstrated that the peroxisome proliferator-activated receptor-␥ upregulates LXR expression resulting in elevated ABCA1 levels in macrophages 17 and that thyroid hormone receptor (TR) attenuated ABCA1 expression is dependent on LXR/ RXR, 18 but it is still unclear whether it is glucocorticoids or GRs that influence cholesterol efflux and ABCA1 expression in macrophages.
In the present study, we found that the GR agonist Dex decreased apoAI-mediated cholesterol efflux and ABCA1 expression in macrophages, whereas the GR antagonist RU486 increased them, with ABCA1 expression in macrophages being regulated via GR.
Methods
The Methods section can be found in an online supplement available at http://atvb.ahajournals.org.
Results

Inhibitory Effect of GR Agonist Dex on ABCA1 Expression in THP-1 Macrophages and Restoration of Expression by GR Antagonist RU486
ABCA1 mRNA levels in the THP-1 macrophages decreased in a dose-dependent manner 6 hours after treatment with Dex and were restored by concomitant treatment with RU486, actually showing an increase compared with basal levels ( Figure 1A ). When the macrophages were treated with acetyl LDL (AcLDL) and the LXR/RXR agonists, 22HC and 9cRA, respectively, ABCA1 mRNA levels dramatically increased compared with basal levels. In this experiment, Dex attenuated ABCA1 mRNA levels, and RU486 restored them in the presence of AcLDL and the LXR and RXR agonists ( Figure  1B and 1C). Figure 1D shows that treatment with RU486 increased ABCA1 mRNA levels in a dose-dependent manner in the presence of untreated FBS but did not increase these levels in the presence of dextran-coated charcoal FBS. These findings indicate that increased ABCA1 expression because of RU486 stems from the endogenous glucocorticoid effect. We also investigated the effect of another GR agonist, triamcinolone, noting the attenuation of ABCA1 mRNA levels and antagonization by RU486 ( Figure 1E ). We also examined the changes in ABCA1 mRNA levels in THP-1 macrophages with time after treatment with Dex, finding that ABCA1 mRNA levels were slightly elevated after 2 hours and were then clearly lower at 4 hours and thereafter (Figure 2A ). In the presence of untreated FBS, RU486 had increased ABCA1 mRNA levels after 2 hours, and the increase was maintained up to 6 hours ( Figure 2B ). Levels had decreased at 16 hours after treatment with RU486. Figure 3A shows the ABCA1 protein levels after treatment with Dex or RU486 in the presence and absence of AcLDL.
Effects of GR Ligands on ABCA1 Protein Levels and ApoAI-Mediated Cholesterol Efflux
Dex decreased ABCA1 protein levels and RU486 restored them, even after stimulation of ABCA1 expression by AcLDL. We also examined the effects of the GR ligands on apoAI-mediated cholesterol efflux from THP-1 macrophages. Dex significantly reduced cholesterol efflux attributed to apoAI, and RU486 attenuated this inhibitory effect ( Figure  3B ), which was consistent with the changes in ABCA1 mRNA and protein levels. We conducted experiments using human monocyte-derived macrophages (HMDM) and murine RAW264.7 cells to investigate whether Dex exerted inhibitory effects on ABCA1 and mRNA levels in other lines of the macrophages. By means of quantitative real-time RT-PCR, Dex was shown to significantly reduce ABCA1 mRNA levels in HMDM, and they were restored by RU486 ( Figure IA , available online at http://atvb.ahajournals.org). In RAW 264.7 cells ( Figure IB) , Dex also reduced ABCA1 mRNA levels, and they were restored by RU486.
Regulation of ABCA1 Promoter Activity by GR Ligands through GR
To investigate whether GR ligands regulate ABCA1 mRNA levels in macrophages at the transcriptional level, a human ABCA1 promoter luciferase reporter construct spanning Ϫ940 to ϩ110 bp (ABCA1-Luc) was transfected into RAW264.7 cells, and luciferase assay was performed. Dex inhibited ABCA1 promoter activity in a dose-dependent fashion, and RU486 completely restored it as shown in Figure  4A . In the case of overexpression of GR, ABCA1 promoter activity increased in the absence of Dex but decreased in its presence in a dose-dependent manner ( Figure 4B ). We also observed that when macrophages were treated with actino-mycin D, the GR ligands had no effect on ABCA1 mRNA levels or mRNA stability (data not shown). These data suggest that GR ligands regulate ABCA1 expression in macrophages at the transcriptional level through GR.
Alteration of ABCA1 Promoter Activity by GR Ligands Independent of LXR
To investigate whether the effects of GR ligands on ABCA1 promoter activity are associated with LXR-and RXRdependent transcriptional regulation, we used a mutant reporter construct, DR4mut ( Figure 4C ). The LXR ligand 22HC failed to induce promoter activity for DR4mut, whereas it increased promoter activity in the case of the wild-type reporter construct ABCA1-Luc ( Figure 4D ). There were no differences in the changes in promoter activity because of GR ligands between ABCA1-Luc and DR4mut. ABCG1 and ABCG4 are reportedly involved in cholesterol efflux from macrophages 19, 20 and are also known to be LXR-responsive genes. [21] [22] [23] Figure IIA and IIB (available online at http://atvb.ahajournals.org) show that GR ligands did not affect mRNA levels of ABCG1 and ABCG4 in THP-1 macrophages, although they had been increased by LXR and RXR ligands. The above findings clearly demonstrate that transcriptional regulation in ABCA1 by GR ligands is independent of LXR. We also studied the effect of GR ligands on mRNA levels for scavenger receptor class B, type 1, which is reportedly involved in HDL-mediated cholesterol efflux, 24 but noted no change in levels ( Figure IIC) . 
Discussion
We demonstrated that a GR agonist and antagonist, respectively, inhibited and stimulated ABCA1 expression in several lines of macrophages and apoAI-mediated cholesterol efflux from THP-1 macrophages, which were regulated through GR. Glucocorticoids have been reported to be associated with an increased risk of CVD presumably because of their unfavorable effects with respect to classical CVD risk factors, such as hypertension, impaired glucose, and lipid metabolism. 1 Other than these effects, glucocorticoids have been reported to directly affect the vascular wall with respect to cholesterol metabolism in the cells involved in atherogenesis. Hirsch and Mazzone 5 reported that Dex enhanced the degradation of AcLDL in macrophages through increased lipoprotein binding, which could mean enhanced scavenger receptor activity. Cheng et al 6 reported that Dex increased cholesterol O-acyltransferase activity and decreased neutral cholesterol esterase activity, resulting in greater accumulation of CE in macrophages. The homeostasis of intracellular cholesterol in peripheral cells is mainly maintained through its influx and efflux. Cholesterol efflux should be more important to macrophages than other types of cells, because macrophages express scavenger receptor class A, which is not downregulated by excess intracellular cholesterol. However, the effects of glucocorticoids on cholesterol efflux from macrophages have still to be investigated. Our study demonstrated the inhibitory effect of Dex on ABCA1 expression levels (Figures 1, 2 , and 3A; Figure I ) and apoAI-specific cholesterol efflux from macrophages ( Figure 3B ), which might be part of the reason for CE accumulation observed in previous studies. However, scavenger receptor class B, type 1 was not affected by the GR ligands, as mentioned above ( Figure IIC) . Petrichenko et al 25 reported that Dex decreased cholesterol efflux mediated by HDL from vascular smooth muscle cells, and Stein et al 26 observed that Dex decreased HDL-mediated cholesterol efflux from skeletal muscle in mice, suggesting that altered ABCA1 expression was involved.
It has been reported that glucocorticoid therapy increases serum HDL cholesterol levels. 27 Because GR is expressed in most organs, we investigated whether GR ligands affected ABCA1 expression in other types of cells. GR ligands did not change ABCA1 mRNA levels in NIH 3T3 cells, and Dex brought about a slight increase in levels in both HepG2 and Caco-2 cells, which was reversed by RU486 (data not shown). These results indicate that ABCA1 expression is regulated by GR ligands in a cell-specific manner, and partly explain the reason for the elevation of HDL cholesterol levels by glucocorticoids. Given that the contribution of ABCA1 in macrophages to serum HDL cholesterol levels is minimal, as reported by Haghpassand et al, 28 decreased ABCA1 expression in macrophages because of glucocorticoids is unlikely to affect HDL cholesterol levels.
GR agonists regulate gene expression in various ways, at the transcriptional, 29 posttranscriptional, 30 -32 and posttranslational levels. 33 The classical mode of gene regulation by glucocorticoids, which accounts for most cases of positive gene regulation, is known to be mediated by interaction of ligand-activated GR with positive control elements, which are present in single or multiple copies upstream of or within target genes. However, compared with positive regulation of gene transcription by GR, negative regulation seems to be more complicated as described below. Dex reportedly destabilizes the mRNA of some genes presumably by affecting RNA binding proteins, which associate with 3Ј-untranslated lesions to stabilize mRNA. 30 -32 Lasa et al 34 reported that Dex caused sustained expression of mitogen-activated protein kinase phosphatase 1 and phosphatase-mediated inactivation of mitogen-activated protein kinase p38, resulting in destabilization of Cox-2 mRNA. Kaplan et al 35 reported that a p38 inhibitor decreased ABCA1 expression in macrophages, and this inhibitory effect was not at the transcriptional level. In our study, the GR ligands did not affect ABCA1 mRNA levels or alter mRNA stability when macrophages were treated with actinomycin D (data not shown). Regarding transcriptional regulation, Dex inhibited ABCA1 promoter activity in a dose-dependent manner, and RU486 antagonized the inhibitory effects of Dex in this respect (Figure 4) , which is consistent with the changes in mRNA levels observed. We also found that overexpression of GR decreased ABCA1 promoter activity in the presence of Dex. These findings indicate that GR ligands regulate ABCA1 expression in macrophages at the transcriptional level through GR.
We also observed a stimulatory effect of overexpression of GR in the absence of Dex ( Figure 4B ). Xiao and DeFranco 36 reported that overexpression of unliganded and liganded GR, respectively, activated and inactivated heat shock factor, a transcription factor that transactivates heat shock protein genes, such as hsp90 and hsp70. They suggested that the mechanism for increased transcriptional activity was unliganded GR-induced depletion of hsp70, which inactivates heat shock factor, resulting in activation of heat shock factor. In our study, overexpression of unliganded GR␣ might have affected unknown protein-regulated events involving ABCA1 expression, as Xiao and DeFranco 36 observed in the case of heat shock factor. Another possible mechanism is the reciprocal effects on transcriptional activity of liganded and unliganded receptors reported by Tagami et al. 37 They reported that transcription of genes, which was inhibited by liganded TR, was reciprocally activated by unliganded TR with enhancement by overexpression of nuclear corepressors. Because Xiao and DeFranco 36 clearly showed that unliganded GR was present not only in the cytosol but also in the nucleus, unliganded GR might stimulate ABCA1 promoter activity through the mechanism reported by Tagami et al. 37 Because we did not fully clarify the mechanism for the inhibitory effect of GR on ABCA1 transcription, it remains unclear whether activated GR is directly associated with the transcriptional machinery involved in ABCA1 expression. Given the cell-specific regulation of ABCA1 expression by GR ligands, GR might affect pathways recruited by macrophagespecific proteins associated with ABCA1 expression.
Dex treatment caused the transient increase in ABCA1 mRNA levels from 1 to 2 hours after beginning the experiment, and the levels gradually decreased from 4 hours onwards (Figure 2A) . We also observed a difference in the times of maximal changes in ABCA1 expression between Dex and RU486, which were at 6 hours and 2 hours after treatment, respectively. The dependence on endogenous glu-cocorticoids ( Figure 1D) indicates that RU486 exerts a competitive effect on ABCA1 expression through GR antagonization. However, it is possible that different mechanisms are involved in the respective effects of Dex and RU486 and that they are the reason for the early and late times of maximal changes in ABCA1 expression. As described above, both liganded and unliganded GR reportedly affected not only gene transcription through binding control elements of target genes but also protein-protein interaction and intracellular protein distribution. Therefore, several mechanisms could be involved in the changes in ABCA1 expression attributed to GR ligands. Additional study will be needed to clarify the mechanism for the transient increase in ABCA1 expression because of Dex.
There are 2 main mechanisms for the negative regulation of gene transcription by GR, 1 of them involving interference with DNA binding of upstream or general transcription factors and the other a repression mechanism, which is independent of DNA binding. Ligand-activated GRs have been reported to interact with activator protein-1 (AP-1) 38 and nuclear factor B (NF-B), 39, 40 resulting in decreased transcription of AP-1-and NF-B-responsive genes involved in inflammation. The ABCA1 promoter has been found to have consensus sequences for AP-1 and NF-kB. 10, 13 However, although GRs can affect ABCA1 promoter activity by interfering with AP-1 and NF-B, Kaplan et al 35 reported that lipopolysaccharides induced ABCA1 expression in macrophages without activating transcription. Thus, additional studies will be needed to ascertain whether the inhibitory effect of GR on ABCA1 transcription is mediated though AP-1 and NF-B.
Accumulating evidence indicates that LXR regulates many genes involved in cholesterol homeostasis in cells, such as ABCA1, ABCG1, and ABCG4. Recently, several investigators have demonstrated interactions between LXR and other nuclear receptors. TR has been reported recently to inhibit ABCA1 promoter activity through competition between TR/ RXR and LXR/RXR heterodimers. 18 Small heterodimer partner, an unusual nuclear receptor, because it does not have the typical DNA binding domain, has been reported to act as a corepressor for several nuclear receptors, including LXR. Brendel et al 41 reported that small heterodimer partner attenuated ABCA1 and ABCG1 promoter activities by interacting with LXR. Our study revealed that GR-mediated transcriptional inhibition in ABCA1 is independent of LXR ( Figure 4 ). In addition, the expression of other LXR target genes, ABCG1 and ABCG4, were not affected by GR ligands (Figure IIA and IIB) .
Other recent studies have reported transcriptional regulation for both ABCA1 and ABCG1, not only by LXR and RXR and cholesterol loading, but also by zinc finger protein 202. 42 Moreover, Lorkowski et al 43 have reported that macrophages from patients with Tangier disease showed a compensated increase in ABCG1 expression. Although such evidence led us to believe that these 2 genes share similar mechanisms of regulation, we observed differences in the mechanisms of regulation of ABCA1 and ABCG1, and other researchers have also found this to be the case. Therefore, these genes may have their own unique functions, like that of ABCA1 in apoptosis. 44 As other possible mechanisms for GR-mediated transrepression of ABCA1, there is the stimulation of ABCA1 expression in macrophages by transforming growth factor (TGF) ␤, 45 and inhibition of smad-dependent transactivation through the binding of smad3 by GRs. 46 To determine whether GR-mediated transrepression in ABCA1 is associated with the TGF-␤ signaling pathway, we investigated the effect of a neutral antibody against TGF-␤ on the changes in ABCA1 mRNA levels by GR agonists. The presence of the antibody, however, caused no changes in ABCA1 mRNA levels (data not shown).
Our study indicated that the attenuated cholesterol efflux and ABCA1 expression in macrophages could contribute to glucocorticoid-associated cardiovascular risk. Additional investigation of the mechanisms by which GR regulates ABCA1 expression would, therefore, provide important information for the study of compounds that facilitate cholesterol efflux.
